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$EVWUDFW The ability of microorganisms to persist on fomite surfaces is an important component in
modeling their spread in physical environment. For example, %DFLOOXV DQWKUDFLV %D spores have been
found to be extremely resistant to inactivation, environmental stresses, and stable over decades.
Modeling the inactivation of spores could form an integral element for estimating the exposure and the
subsequent health risks posed by them. However, there is a knowledge gap in the quantification of
recovery of %DFLOOXV spores on porous surfaces, which may have a significant effect on the quantification
of their persistence in the environment. Our work investigates the recovery of spores of two %DFLOOXV
species from HVAC filters, an example of porous fomite media, which can capture a significant quantity of
microorganisms when there is an attack of bioterrorism. These filters have been found to become
distribution conduits in the entire building following a bioterror attack. From preliminary results of recovery
over a 48 hour period, the trends of inactivation and recovery of %DFLOOXV spores were examined using
culture-based quantification. %DFLOOXV WKXULQJLHQVLV %W showed an increase in recovery over time
however it had the lowest mean recovery in comparison to %D. This work was expanded to understand
the recovery of spores better over a 168 hour period. As seen in the preliminary studies, there was an
increase followed by a decrease in %W spores after a 24 hour period with an overall log10 reduction
equivalent to 22.5% of the observed log reduction of %D. A comparative analysis of recovery is presented
in order to fill knowledge gaps surrounding the potential effect of recovery on models of microbial
inactivation for organisms with long-term persistence. The future work of this research will utilize
molecular-based quantification in order to differentiate between the live and dead counts among the
recovered population.
.H\ZRUGV%DFLOOXVDQWKUDFLV; %DFLOOXVWKXULQJLHQVLV microbial recovery; bioterrorism;
 ,1752'8&7,21
The numbers of studies on weaponized %D spores and anthrax have skyrocketed since the 2001 bioterror
attacks in the United States. %D has gained importance in public health due to high mortality rates of
inhalational anthrax in humans, compared to other forms of anthrax (Chensue, 2003). Due to the
presence of numerous uncertainties in inhalational %D data, risk assessment of exposure to %D spores
was made with large number of assumptions in which decay of spores over time was not considered
(Canter, 2005; Hong et al., 2010). Quantitative information on time-dependent viability of the spores is
unknown. It is a major concern of the US Environmental Protection Agency and the Department of
Homeland Security to understand the behavior of such biothreat agents under the scenario of an
intentional aerosol release with time. The severity of the attack is related to both the virulence and the
persistence of these spores under post attack, ambient environmental conditions.
Heating, ventilation and air conditioning (HVAC) systems are used in both public and commercial
buildings for circulation of air. Studies have demonstrated that HVAC systems could act as vehicles in
pathogen distribution within the indoor environment once a major fraction of microbial agents are trapped
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after a bioterror event. It was predicted using mechanistic modeling that more than 90% of aerosolized
anthrax remains inside the building for the first 48 hours after a hypothetical indoor release (Sextro et al.,
2002). A significant fraction (greater than 80%) of reaerosolized %D spores under simulated office
conditions was observed to be in the respirable range (Weis et al., 2002). A study proved that infiltration
of %W from an outdoor release and subsequent sampling of the indoor HVAC filters could help determine
the pattern of the pathogenic spread in a neighborhood. Through indoor bioterror attacks or infiltration of
biological weapons from outdoor events, the role of HVAC filters have been found to be distribution
conduits in the entire building due to the particle size of the spores (Krauter & Biermann, 2007; Kowalski
et al., 2003). HVAC filters may also possibly act as pointers to classify the quality and quantity of the
biological agent used in the attack if the extraction, recovery, quantification and survival of the agents are
clearly understood (Hong & Gurian, 2012).
Numerous studies on the recovery and extraction techniques of spores of %D surrogates from filter media
have demonstrated the importance of sampling methodologies. Recovery experiments of %VXEWLOLXV %V 
spores from filter media have reported efficiencies greater than 95%. Recovery experiments from different
organic filters had extraction efficiencies ranging between 101-123% (Burton et al., 2005). Extraction
efficiency of 98 ± 1% was observed during the recovery from polycarbonate filters (Wang et al., 2001).
Another study on recovery from HVAC filters reported an extraction efficiency of 105 ± 19%. While the
authors concluded that the recovery was done with minimum loss in culturability, this finding does not
account for the time-dependent losses, bacterial proliferation or changes in recovery over time due to
other factors such as relative humidity (Farnsworth et al., 2006). Recovery greater than the initial loading
concentration for %W spores was observed in an extraction study from HVAC filters, in which a possible
growth on the filter media was suspected (Solon et al., 2011). Up to two log10 reductions were observed in
another extraction study of HVAC filters on a larger area (929 cm 2) aerosolized with % DWURSKDHXV
spores, with initial concentrations of approximately 108 spores and reported total recovery in the range of
106 CFU per sample (Calfee et al., 2014).
Past studies have demonstrated the optimization of the extraction processes using %D surrogates,
however recovery of %D is not yet addressed in any study (to our knowledge). Variations in recovery
efficiencies among the surrogates from filter media via similar extraction procedures have created a need
for further study of the recovery of %D spores from filter media over short time periods to investigate how
time-dependent variability in recovery may affect persistence modeling and whether proliferation occurs.
This study compares the recoveries of %D (Sterne strain) and %W spores from HVAC filters using an
optimized extraction technique from a past study over a 168-hour period. We then discuss the effect of
recovery on modeling inactivation of %DFLOOXV spores and the suitability of surrogate-study based results
and subsequent extrapolation to a bioterror attack.
 0$7(5,$/6$1'0(7+2'6
,QRFXOD3UHSDUDWLRQ

The experiments were conducted in a BSL- 2 facility at Michigan State University. The Sterne strain of %D
and %W (ND 73-6) were used for this experiment due to its physical similarities to the virulent strain of %D
and use as a surrogate in previous studies (Greenberg et al., 2010). The strains were stored at -80ºC until
the initiation of the experiments. The sporulation process was monitored by the Schaeffer- Fullerton
Staining method. Spores were quantified and stored at 10ºC to prevent the germination and growth of
spores. The master stock solutions were diluted in sterile water to produce a solution of 10 mL volume of
spore concentration in the range of 107 to 108 spores/ mL for the inoculation of the HVAC filters.
3UHSDUDWLRQDQG,QRFXODWLRQRI+9$&)LOWHUV

MERV 7, Hi-E40 HVAC filters were provided by Purolator Products Air Filtration Company, IN for the
study. Previous studies have suggested that HVAC filters of lower Minimum Efficiency Reporting Value
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(MERV) contribute to the spread of bioaerosols (Van Cuyk et al., 2012). MERV 7 is a medium-efficiency
filter widely used in air circulation systems. Filter samples (dimensions: 1 inch x 1 inch) were wrapped in
aluminum foil to avoid contamination of dust particles, and sterilized by autoclaving at 121ºC for 15
minutes at 101.3 kPa. A volume of 0.4mL of %D spore stock solution was applied to each of the three
replicates, the concentration of the spores that were applied to each of three replicates ranged between
8.53E+05 - 1.15E+06 spores/ filter. Inoculated filters were then wrapped with aluminum foil and were
placed within a covered sterile desiccator to ensure a dust-free and moisture-free environment in the dark
at 24ºC. Similar inoculation procedure was adopted for %W, in which the spiking concentration of the
spores ranged between 9.08E+05 - 1.09E+06 spores/filter.
Spores were quantified at 0 (30 minutes after application until all the droplets were absorbed by the filter),
24, 48, and 168 hours for evaluating the effect of recovery of spores over time. Quantifications were done
by traditional plate-culture method in triplicates using serial dilutions of the spore solution eluted from the
filters.
(OXWLRQRI6SRUHVIURP)LOWHUV

Following the desiccation, the filters were carefully unwrapped and were suspended in 20mL of sterilized
distilled water in sterilized 50mL centrifuge tubes. Autoclaved tongs were used to transfer the filters from
the aluminum foil to the centrifuge tubes. Elution of spores from the filters was done in a three-stage
process based on previous studies (Solon et al., 2011). The stages included sonication, followed by
vortexing, and mechanical shaking. During sonication, the filters suspended in 20mL of distilled water
were placed in an ultrasound wave bath with a frequency of 42 kHz ± 6% in a Branson Mechanical
Ultrasonic Cleaner, Model 2510R-DTH for 15 minutes. Following sonication, the solutions were vortexed
in Fischer Scientific Digital Vortex Mixer for 2 minutes at 1000 rotations per minute. The final stage of
elution was mechanical shaking carried on a VWR Minishaker for 15 minutes at 170 rotations per minute.
%DFWHULD&XOWXULQJDQG'DWD7UHDWPHQW

Eluted sample solutions were quantified by serial dilution followed by traditional plate counting in triplicate
on TSA. The plates were incubated at 37ºC for 24 hours. Blank TSA plates and sterilized distilled water
were used for two negative control plates, also incubated to ensure contaminant-free quantification. The
three replicate filter samples at each time point were quantified by the plate-culture method in three plate
replicates. This yielded nine data points for recovery at each time step. Boxplots were developed to
represent the distribution of the nine values of recovery at each time step. The recovery ratio was
computed in terms of log10 reduction of spores recovered per filter from three plate replicates of three filter
samples for each time point. In order to compare the differences in data representations, the log 10
reductions were computed with references to the initial concentration of spores spiked and to the 0-hour
recovery.
 5(68/76

The minimum, maximum, and the median recovery percentage values for both species over time are
summarized in Table 1. There is a loss exceeding 50% of the spores during the experiment in both the
%DFLOOXV species. At t=24h and 48h, the difference in recovery percentages between maximum and
minimum are significantly higher than the difference at t=0h and 168h, indicating more uncertainty at
these time steps. %D showed a consistent reduction in recovery over time ranging from 46.4% to 4.08%.
On the contrary, %W spores increased in recovery after 24 hours of application of spores, followed by a
decrease. Recoveries over 100% were not observed in this study for either species.
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7DEOH Recovery percentages of %D and %W over time

Time,
hours
0
24
48
168

Bacillus anthracis
Min
Median
Max
34.40
46.40
62.40
28.80
31.20
50.40
16.80
22.40
35.20
2.32
4.08
6.80

Bacillus thuringiensis
Min
Median
Max
21.60
28.80
37.60
36.80
48.00
71.20
20.80
38.40
44.80
14.56
16.56
17.44

The boxplots in Figure 1 show the results of all nine data points at each time step in total number of
spores recovered after application of 106 spores per filter. Total numbers of spores recovered in 48h and
168h for %D are less skewed than the 0h and 24h recoveries, but overall the consistent decrease in
recovery across time is apparent.

)LJXUH Boxplots of number of spores recovered over time per filter represents the distribution of the
nine data points over time.
The 24h data points had mean recoveries of 3.57 x 105 (2.67 x 105 - 4.48 x 105) and 5.05 x 105 (3.55 x 105
-6.54 x 105) spores per filter for %D, and %W respectively. In both the cases, the 24h recoveries were the
most variable.
Figure 2 illustrates the log10 reductions for both the species using two different references to define the
ratios at each time point. When the average recovery at the 0h time step (N0), is used to compute the
reduction over time, values are calculated by Eq. 1. When the average concentration of spores applied
initially to the filters (Ni), is used as the denominator, Eq. 2 is valid. Typically persistence or long-term
studies use N0 (blue data points in Figure 2), and recovery or short-term studies use Ni (red data points
in Figure 2) for computing the log reductions.
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 Çǡ  ൌ Ǥ  ǡ Ǣ 
 ൌ Ǥ 
Ͳ ൌ Ǥ  Ͳ െ 
Though the reduction profile looks the same for different references, when short-term studies are
extrapolated to longer periods as in case of risk assessment calculations, the exhibited persistence will
appear to decrease prior to the actual persistence. The consequence of assuming 100% recovery, results
in a false representation of the reduction, over time.


)LJXUH: Representation of log10 reductions using for (A) %D, and (B) %W. The error bars represents the
standard deviations about the mean.
 ',6&866,21$1'&21&/86,216
Our study helped to delineate of several significant conclusions related to the short-term %DFLOOXV
recovery. A loss of ~50% across the overall study is typical in microbiological studies. It is suggested that
the performance is attributed to the selection, optimization, and validation of the methodology adopted
(USEPA, 2009). The skewness in the distribution of data (Figure 1) could be attributed to numerous
technical factors that contribute to the over-dispersion of the results in a culture-based study, such as
variability in collection and sample preparation techniques, factors of dilution, incubation stresses
(USEPA., 2009). Since the sample size is small (N=9), a greater wealth of data points could confirm the
distribution of the data points over time. The increase in %W spores recovered, could be due to the growth
occurring on the filters during incubation and extraction (Kemp & Neumeister-Kemp, 2001); or the
mechanism of adhesion of spores and the filter surface. In no case, a greater than 100% recovery
observed in this study as in previously reported findings. In this study, filters were autoclaved prior to
inoculation, and stored in sterilized desiccators, in order to remove the presence of nutrients in the
environment and thus rule out growth as a factor can for the increase in %W spores. Though a previous
study reports growth as the result of the filter presence and thus the filter acting as a substrate during the
extraction process (Solon et al., 2011), the study was not performed in a BSL-2 laboratory and the results
were not validated using molecular methods to confirm lack of contamination. Based on the results of this
study and our preliminary studies, inconsistent recovery values for %W suggest that the adhesive
properties of the spores played a key component over time, and during the extraction. Spores are held on
the filters in layers; layers successive to the first layer, constitute bonding between the spores (that may
be stronger) rather than the spore-to-surface linkage (Tufts et al., 2013). Classification of %DFLOOXV spores
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based on the presence of H[RVSRULD and DSSHQGDJHV explains that %W has both H[RVSRULD and
DSSHQGDJHV, %D has H[RVSRULD but not DSSHQGDJHV, and %V lacks both (Hachisuka et al., 1984).
Presence of H[RVSRULD and DSSHQGDJHV enhances the adhesiveness of the %DFLOOXV spores (Ronner,
1990). This finding suggests that spore-to-spore interaction between the %W is stronger than spore-to-filter
adhesion. Furthermore, the spore size of %W is marginally (~ 0.02m) higher than that of %D (Tufts et al.,
2013). Larger size particles are more easily resuspended than the smaller particles (Tufts et al., 2013);
hence the closely adhered %W spores separate from the filter as large clusters of spores linked in layers
during the extraction, which possibly disintegrate on resuspension leading to higher number of spores
recovered during the 24h extraction. Subsequent time periods provide larger duration for the adhesion
(spore-to-filter) to occur and reduced water content, thereby decreasing the recoveries successively. This
also, plausibly explains the extraction efficiencies in the range of 95% -123% for %V from various filter
surfaces due to poor adhesion (Wang et al., 2001; Farnsworth et al., 2006; Burton et al., 2005). The
short-term recovery studies across %W, and %D varied significantly during 1st and 2nd days of recoveries. In
Figure 2, the reduction of %D is more of an exponential curve, whereas %W follows a log-normal decline.
While modeling the inactivation of a biothreat agent based on the extrapolation of surrogate studies is not
valid over the short time-frame used in our study because the spores may persist for years under the
same environmental conditions, we can see the effect that variability in recovery may have on the fitting
of inactivation curves. It also shows the comparison of log10 reduction calculations for recovery (red data
points in Figure 2) versus persistence (blue data points in Figure 2) studies. Though the trends are the
same, when short-term studies are extrapolated to longer durations as in case of risk assessment
studies, the modeled persistence will appear to decrease prior to the actual persistence. The implication
of assuming 100% recovery, results in a misleading representation of the reduction over time.
 )8785(:25.
This study has left a few research gaps unanswered which will be experimented and analyzed in the
future work, such as effect of varied volume of inoculum application, high-sensitive quantification of
spores via molecular-based enumeration on recovery, and effect of surfactants on spore-to-filter adhesion
and clumping. Past studies, demonstrated the influence of moisture content as a critical factor in %DFLOOL
growth in the soil samples inoculated with %W and %FHUHXV (West et al., 1985); strengthened adhesion of
%V on dried solid surfaces than moist surfaces (Nanasaki et al., 2010). In this study, the filters were
completely saturated with inoculum; future work includes the investigation of recovery over time for the
same concentration density but with a lower volume of inoculum to study the effect of reduced water
content on the HVAC filters. Strains of bacteria have shown to enter a viable but non-culturable state,
leading to a false estimation of viable spores (USEPA, 2012). Additionally, use of molecular-based
quantification technique will be studied, to enumerate the true value of viable spores as this method
differentiates between the live and dead counts by the detection of DNA. The use of surface-active
compounds have shown to be effective in annulling the adhesion of spores on surfaces (Bower et al.,
1996) Recovery experiments in the presence of surfactants and the filter, would yield larger recoveries.
 $&.12:/('*0(176
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